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The majority of healthy individuals exposed to Mycobacterium tuberculosis will not develop tuberculosis (TB),
though many may become latently infected. More precise measurement of the human immune response to M.
tuberculosis infection may help us understand this difference and potentially identify those subjects most at risk
of developing active disease. Gamma interferon (IFN-�) production has been widely used as a proxy marker
to study infection and to examine the human immune response to specific M. tuberculosis antigens. It has been
suggested that genetically distinct M. tuberculosis strains may invoke different immune responses, although how
these differences influence the immune responses and clinical outcome in human tuberculosis is still poorly
understood. We therefore evaluated the antigen-specific IFN-� production responses in peripheral blood
mononuclear cells from two cohorts of subjects recruited in Antananarivo, Madagascar, from 2004 to 2006 and
examined the influence of the infecting M. tuberculosis strains on this response. The cohorts were sputum-
positive index cases and their household contacts. Clinical strains isolated from the TB patients were typed by
spoligotyping. Comparison of the IFN-� responses with the spoligotype of the infecting clinical strains showed
that “modern” M. tuberculosis strains, like Beijing and Central Asian (CAS) strains, tended to induce lower
IFN-� responses than “ancient” strains, like East African-Indian (EAI) strains, in index cases and their
household contacts. These results suggest that new strains may have evolved to induce a host response different
from that of ancient strains. These findings could have important implications in the development of thera-
peutic and diagnostic strategies.

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is
a major cause of global morbidity and mortality throughout the
world. It is estimated that there are in excess of new 8 million
cases of TB each year, and this represents just the tip of the
iceberg. Infection with M. tuberculosis leads to clinically active
TB in about 5 to 10% of exposed individuals. A much higher
proportion of exposed individuals apparently become latently
infected, and these individuals may remain noninfectious and
symptom free for years. Approximately one-third of the world
population is thought to be latently infected with M. tubercu-
losis. However, under some circumstances (in about 5% of the
latently infected people), the host immune response is per-
turbed and latent M. tuberculosis infection may develop into
clinically active TB (52). This process is most prominent in
individuals coinfected with human immunodeficiency virus

(HIV), but it can also occur with impairment of the immune
system associated with old age, malnutrition, anti-inflamma-
tory drug treatment, etc. Reactivation of latent disease is
thought to contribute roughly half of all TB cases, and thus,
understanding the factors controlling the development of acute
primary TB or latent infection is crucial to TB control (64).

Gamma interferon (IFN-�) production has been widely used
to study infection and to examine the human immune response
to specific M. tuberculosis antigens. The 6-kDa early secreted
antigenic target (ESAT-6) antigen, encoded by genes located
within region of difference 1 (RD1) of the M. tuberculosis
genome, is much more specific for M. tuberculosis than purified
protein derivative (PPD), as these genes were deleted from M.
bovis in the development of BCG substrains or are not found
in most environmental mycobacteria (29, 53). Some studies
showed that the level of IFN-� release in response to ESAT-6
could identify TB contacts at risk of developing active disease
after recent infection (3, 18, 30). CFP7 or TB10.4 is an immu-
nodominant antigen recognized by TB patients and M. bovis
BCG-vaccinated subjects, while ESAT-6 is specific to TB pa-
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tients and induces a strong IFN-� response (51). Moreover,
since CFP7 induces strong protection against infection by M.
tuberculosis, it was proposed to be a TB vaccine candidate
(1, 19).

There is a growing number of observations indicating that
TB cases resulting from infection with epidemic strains, such as
the W-Beijing strains (22, 35, 39, 44), may display a more
severe pathology or more severe symptoms. Beijing strains
were also found to induce higher fevers in pulmonary TB
patients than other strains (62). In addition, the Beijing geno-
type, which is responsible for more than 80% of TB cases in
China, was associated with virulence and high transmissibility
(7, 28). The same has been found more recently with the
RD(Rio) strains belonging to the Latin America-Mediterra-
nean (LAM) family (38). Despite the fact that other epidemi-
ological and clinical studies have failed to confirm any associ-
ation between the mycobacterial genotype and the clinical
presentation (8, 41, 43), the immunological aspects of infection
with these strains is still of interest and poorly described.

Epidemiological studies carried out in Madagascar showed
no association between IS6110 patterns and clinical tubercu-
losis presentation (47), but they did reveal a heterologous
population of M. tuberculosis strains, including the existence of
a high frequency of unusual genotypes, such as the shared type
109 from the EAI8-MDG family (SpolDB4) (10) or strains
with a single copy of IS6110 (24, 46). Since there are limited
data on the correlation of the strain genotype with clinical
features or the host immune response in patients and their
contacts (57, 59), we investigated the IFN-� response to the
ESAT-6, CFP7, and PPD antigens in pulmonary TB patients
and their household contacts (as this is commonly used as a
biomarker to identify M. tuberculosis infection) and examined
the influence of the M. tuberculosis genotype on this response.

MATERIALS AND METHODS

Study site and subjects. Newly recruited sputum-positive TB patients (index
cases [ICs]) over 15 years of age were recruited between June 2004 and Decem-
ber 2005 at the principal antituberculosis center of Antananarivo, the capital of
Madagascar, where the annual incidence of newly diagnosed sputum smear-
positive patients is about 80 cases per 100,000 inhabitants. Positivity was defined
as two sputum samples positive by microscopy and confirmed by culture on
Löwenstein-Jensen (LJ) medium. The patients were treated according to the
National TB Control Programme (NTCP) strategy and were followed up by
the clinical physicians; sputum samples were collected 2, 5, and 7 months
after the start of treatment.

The household contacts (HCs) of the included index cases were visited at
home by the study physicians and were invited to join the study. They were
included if they were �1 year old and had been living in the same house as the
case patient for at least 6 months.

The subjects were invited by the study physicians to give informed consent,
interviewed, and examined. Only subjects who accepted an HIV test, after coun-
seling, and who had given informed consent were included in the study. A venous
blood sample was drawn into a Vacutainer tube containing heparin for enzyme-
linked immunospot (ELISPOT) assay and into a dry Vacutainer tube for an HIV
test. HIV-positive subjects were excluded from the study.

Household contacts and community controls underwent a PPD skin test (10
units; tuberculin purified protein derivative; Aventis Pasteur). Induration was
recorded after 72 h. Subjects with a positive PPD test result of �14 mm of
induration at the time of inclusion in the study or for which conversion of the
PPD test occurred during follow-up were offered chest radiography, and those
with symptoms underwent a clinical examination. Individuals with a diagnosis of
TB disease were referred to the antituberculosis center for treatment.

For all subjects, epidemiological, clinical, and bacteriology data were recorded
prospectively on individual record forms.

The study was approved by the National Ethics Committee of the Ministry of
Health in Madagascar.

Mycobacteriology procedures. Sputum was decontaminated using the sodium
lauryl sulfate method (55). One drop of the decontaminated sputum was fixed on
a slide, stained with auramine-phenol, and examined under a fluorescence mi-
croscope (objective, �40) for acid-fast bacilli (AFB). The remaining decontam-
inated specimen was inoculated into two tubes of standard LJ medium (Diag-
nostics Pasteur, Paris, France) and on one tube of LJ medium without glycerol
but supplemented with 0.5% pyruvate. The numbers of CFU growing in each LJ
tube were counted. Mycobacterial isolates were identified according to growth on
LJ medium, colony morphology, and biochemical tests for the following: niacin
production, catalase, urease, and nitrate reductase (23). The M. tuberculosis
isolates were tested for their susceptibility to streptomycin (4 �g/ml; catalog no.
D-5155; Sigma), isoniazid (0.2 �g/ml; catalog no. I3377; Sigma), rifampin (40
�g/ml; catalog no. R-8626; Sigma), and ethambutol (2 �g/ml; catalog no. E-4630;
Sigma) using the proportion method on Löwenstein-Jensen medium, as recom-
mended by the Global Tuberculosis Programme of the World Health Organiza-
tion and the International Union against Tuberculosis and Lung Disease (11).
The critical proportion value was 1% for all drugs.

Spoligotyping. Genomic DNA was extracted from the M. tuberculosis cultures
as described by van Soolingen et al. (63). Spoligotyping of the M. tuberculosis
isolates was performed as described by Kamerbeek et al. (34). A cluster of M.
tuberculosis strains was defined as two or more isolates with identical spoligotype
patterns. A cluster of patients was defined as two or more patients with identical
strains. The spoligotype and spoligotype family designations were attributed by
comparing the patterns with those from the SITVIT database (http://www
.pasteur-guadeloupe:8081/SIIVITdemo) and from the SpolDB4 international
spoligotype database (10).

ELISPOT assay. Peripheral blood mononuclear cells (PBMCs) were sepa-
rated from heparinized whole blood as described previously (20) within the 4 h
following blood collection. Briefly, PBMCs were enriched by centrifugation over
Ficoll-Hypaque (catalog no. H-8889; Sigma). The PBMCs were then washed with
complete RPMI 1640 medium (catalog no. 51800035; Gibco) containing 1%
L-glutamine and 1% penicillin-streptomycin. Viable cells were counted after
staining of the PBMCs with trypan blue and diluted to 2 � 106 viable cells/ml in
R10 medium (complete RPMI 1640 medium supplemented with 5% heat-inac-
tivated fetal bovine serum [catalog no. 16000-044; Invitrogen, Gibco]), and 100
�l (2 � 105 cells) per well was used for the ELISPOT assay.

The ex vivo ELISPOT assay was performed with fresh samples, as described
elsewhere (36), using mouse antibody-capture anti-human IFN-� (1D1K; catalog
no. 3420-3-1000; Mabtech). For this study, PPD (Statens Serum Institute, Co-
penhagen, Denmark) was used at 5 �g/ml. We tested each of the recombinant
antigens ESAT-6 and CFP7 (Statens Serum Institute) at a concentration of 10
�g/ml, on the basis of the optimal responsiveness detected in prior titration
studies. Phytohemagglutinin (5 �g/ml; catalog no. L-2769; Sigma) was used as a
positive control, and RPMI 1640 medium was used as a negative control. Briefly,
96-well plates (catalog no. MAIP S4510; Millipore) were coated with 0.5 �g/well
of the anti-human IFN-� (�-hIFN-�) 1D1K antibody in carbonate buffer (pH
9.6) overnight at 4 to 8°C. The plates were washed the next morning in phos-
phate-buffered saline (PBS) and blocked with R10 medium. The antigens at
various concentrations were placed in the coated wells, together with 2 � 105

PBMCs per well. After approximately 16 h of incubation at 37°C in 5% CO2, the
wells were washed in PBS–0.05% Tween 20, and 50 ng biotin-labeled �-hIFN-�
monoclonal antibody (7-B6-1; catalog no. 3420-6-250; Mabtech) in PBS–1%
BSA was added to each well. The plates were incubated for 4 h at room
temperature, washed, and incubated with streptavidin-alkaline phosphatase con-
jugate (catalog no. 17066432; Bio-Rad) diluted 1/1,000 in PBS–0.05% Tween 20
for 1 h at 37°C. Between steps, the plates were washed five times in PBS–0.05%
Tween 20. The spots were developed by addition of alkaline phosphatase sub-
strate (catalog no. 170-6432; Bio-Rad), and the reactions were stopped by ex-
tensively washing the plates with tap water. The spots in each wells were counted
by two independent readers using a dissecting microscope. The mean number of
spot-forming cells (SFCs) per well for each antigen was calculated. The differ-
ence between duplicate wells was consistently less than 30% of the mean. The
mean number of SFCs of the negative control was subtracted and transformed to
the number of SFCs per 2 � 105 cells. The cutoff point for positivity was taken
as the mean response of unstimulated wells for the whole cohort plus 1.64
standard deviations.

Data management and statistical analysis. Data were entered into Access or
Excel databases and checked for errors. Analyses were performed using Statis-
tica software or the EpiInfo (version 6) program. Comparisons were assessed by
the Kruskal-Wallis test or the Mann-Whitney U test. A P value of �0.05 was
considered statistically significant.
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RESULTS

Study participants. From 15 June 2004 to December 2005,
85 ICs and 293 HCs were recruited and were followed up until
December 2006. All subjects were Malagasy and HIV negative.

M. tuberculosis isolates from 81 ICs were typed by spoligo-
typing. On the basis of the SITVIT guidelines (http://www
.pasteur-guadeloupe:8081/SITVITdemo) and the data in the
SpolDB4 database (10), the spoligotypes could be classified
into 10 families (Fig. 1A). The strain distribution was similar to
that described in a previous study (24). Then, for the analysis,
we considered the phylogeny described elsewhere (5, 9), where
the M. tuberculosis strains were divided into an “ancient” strain
group (spoligotypes of the East African-Indian [EAI] family)
and a “modern” strain group, with modern group 1 including
the Beijing and Central Asian (CAS) families and modern
group 2 containing the T (undefined family), Haarlem, LAM,
U, X, and S families (Fig. 1B).

Follow-up. Of the ICs, three patients died: one during the
course of treatment and two after relapse. Six patients inter-
rupted TB treatment, one patient relapsed, and one patient
failed after 5 months of therapy; all of them returned to the
health center and completed the standardized retreatment
therapy regimen.

The ICs who died during the course of treatment were in-
fected by an M. tuberculosis strain of the LAM spoligotype;
both of the other two patients who relapsed and died later
were infected by a strain with the T spoligotype. One patient,
who relapsed but who was cured after retreatment therapy, was
infected by a strain with the CAS genotype. The patient who
failed TB treatment was infected by a T-family strain.

Two HCs died during the study, one of a cerebral vascular

accident and one of pleurisy, which was not proved to be linked
to M. tuberculosis infection. Twelve HCs (4.1%) developed TB
disease during the follow-up: one developed pleural TB, six
had pulmonary AFB-negative TB with radiological symptoms,
three patients from the same household developed clinical TB
with erythema nodosum, and two contacts developed AFB-
positive pulmonary TB.

Of the 12 HCs who developed clinical TB disease, 10 were
contacts of IC patients infected with T-family strains, 1 was the
contact subject of a LAM-family-strain-infected IC, and 1 was
the contact of a M. bovis-family-strain-infected IC. However,
the number of HCs who developed TB was so small that it was
not possible to find any correlation between the genotype and
the development of TB among the contacts.

Influence of spoligotype on bacillary load. We examined
whether there was any correlation between the spoligotype of
the infecting strains and the M. tuberculosis sputum load in TB
patients. The sputum bacterial load was measured as the num-
ber of AFB observed by microscopy and by the number of
CFU obtained by culture (Table 1). Though the CAS and
Beijing spoligotypes were more likely to give a lower bacillus
load than the other spoligotypes, this difference was not sta-
tistically significant.

All except two strains were drug susceptible. The exceptions
were one strain with a LAM spoligotype which was resistant to
isoniazid and one strain with a Haarlem spoligotype which was
multiresistant to streptomycin, isoniazid, rifampin, and etham-
butol. On analysis, we did not find any correlation between the
drug resistance of the strains and the spoligotype of the strains
(data not shown).

Influence of spoligotype on IFN-� ELISPOT assay response.
Of the recruited individuals, 230 (55 ICs, 175 HCs) had ade-
quate blood specimens available and ELISPOT assay results
that met the inclusion criteria (Table 2). With all the antigens
(PPD, CFP7, and ESAT-6), the proportion of cells positive by
the IFN-� ELISPOT assay was higher for the TB patient group
than for the healthy household contact (HHC) group during
the inclusion period. There was no significant difference in the
ESAT-6-induced IFN-� ELISPOT assay response according to
the bacterial load (P � 0.05).

We then compared the genotype of the infecting strains in
those subjects for which both ELISPOT assay results and spo-
ligotypes were available. The median PPD- and CFP7-induced

TABLE 1. M. tuberculosis bacillus load in smear-positive patients,
according to the infecting strain spoligotype

Bacterial sputum load

No. (%) of patients infected by M.
tuberculosis spoligotypea

Bovis CAS/Beijing Modern
group 2 EAI

No. of AFB
�100 AFB per field ND 4 (28.6) 23 (45.1) 4 (40)
�100 AFB per field ND 10 (71.4) 28 (54.9) 6 (60)

No. of CFU on LJ medium
�300 CFU/tube 1 8 (57.1) 35 (68.6) 5 (50)
� 300 CFU/tube 2 6 (42.9) 16 (31.4) 5 (50)

a None of the differences between groups was statistically significant by the �2

test. ND, not determined.

FIG. 1. Distribution of the spoligotype families found among the
M. tuberculosis strains isolated from the index cases. (A) Spoligotype
family according to data in the SpolDB4 database (CAS, Central
Asian; EAI, East African Indian; LAM, Latin American-Mediterra-
nean; H, Haarlem; T, undefined family) (10); ND, not described in
SpolDB4 database. (B) Groups according to Arnold (5).
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IFN-� responses were higher in IC patients from whom we
isolated ancient group M. tuberculosis strains than in IC pa-
tients from whom we isolated modern group 1 or modern
group 2 strains; however, this difference was not statistically
significant (Fig. 2A). The ESAT-6-induced IFN-� responses of
IC patients from whom we isolated modern group 1 strains
(Beijing, CAS), however, was significantly lower than the re-
sponses of IC patients from whom we isolated strains belong-
ing to modern group 2 strains or to the ancient strain group
(P � 0.037). The ELISPOT assay results for cured ICs, i.e.,
after the end of the TB treatment, showed no differences
according to the spoligotype of the infecting strains (Fig. 2B).

We assumed that HCs, all of whom had significant exposure
times, would most likely be exposed to and thus react to the
same strains as their respective ICs, even if this might involve
superinfection on top of a previous, unidentified exposure, in
some cases. Therefore, to determine whether some strains
induced different IFN-� responses among the contacts of TB
patients, the IFN-� response in the HC cohort was assessed
according to the genotype of the strains isolated from their
respective ICs (Fig. 3A). Both the ESAT-6- and the PPD-
induced IFN-� responses were statistically higher in the HCs of
patients infected by EAI strains than in the HCs of patients
infected by modern group 1 or group 2 strains (P � 0.010 and
P � 0.003, respectively). The CFP7-induced IFN-� responses
were significantly higher in the HCs of TB patients infected
with EAI strains than in the HCs of patients infected with
modern group 1 strains (P � 0.014). Even though the CFP7-
induced IFN-� responses were also higher in the HCs of EAI
strain-infected patients than in the HCs of modern group 2
strain-infected patients, this difference was not statistically sig-
nificant. Likewise, the ESAT-6-induced and CFP7-induced

IFN-� responses at the inclusion were significantly lower in the
HCs of patients from whom CAS or Beijing strains were iso-
lated than the responses in the contacts of modern group 2 or
ancient strain-infected patients (P � 0.016).

With all the antigens tested here, there was no statistically
significant difference between the IFN-� responses induced by
M. bovis strains and M. tuberculosis strains in patients and in
contacts (P � 0.05) (data not shown).

The IFN-� responses were proportional to the tuberculin
skin test (TST) response (Table 3). However, there was no
significant correlation between the TST results for the HCs
and the genotype of the strain isolated from their respective
ICs (Fig. 4).

Three months following recruitment (and the initiation of
treatment of the ICs) the PPD-induced IFN-� responses re-
mained higher in the contacts of patients infected with EAI
strains than in the contacts of patients infected with modern
group 1 strains (Fig. 3B), but no difference was observed be-
tween the contacts of patients infected with modern group 1
and modern group 2 strains. The ESAT-6-induced IFN-� re-
sponses were lower in the contacts of patients infected with
modern group 1 strains than in the contacts of patients infected
with modern group 2 or ancient strains (P � 0.0076). With the
CFP7 antigen, no difference was observed between the differ-
ent groups of household contacts.

DISCUSSION

A number of studies have used the magnitude of the IFN-�
response to ESAT-6 for the diagnosis of M. tuberculosis infec-
tion in different populations (4, 16, 32), but this is the first
study addressing the issue of strain-specific differences in

TABLE 2. Characteristics of the individuals for whom IFN-� ELISPOT assay results were obtained at the inclusion period

Characteristica Index cases TBHC HHCs P valueb

No. of individuals 55 6 169
Mean (range) age (yr) 35.38 (17–70) 21 (2–47) 20.95 (1–79)

Sex (no. of individuals)
Male 31 3 79
Female 24 3 90

TST result at day 0 (no. 	%
 of individuals)c

Negative 4 (15.3) 0 38 (22.5)
5–14 mm 10 (38.5) 0 46 (27.2)
�15 mm 12 (46.2) 6 (100) 84 (49.7)
ND 29 0 1

BCG vaccination (no. 	%
 of individuals)
Yes 40 (72.7) 6 (100) 150 (99.7)
No 6 0 9
IND 9 0 10

IFN-� ELISPOT assay response to antigensd

CFP7 233 (65.5) 276 (66.6) 164 (51.5) 0.16
ESAT-6 225 (61.8) 158 (50) 105 (43.8) 0.066
PPD 772 (94.5) 396 (100) 304 (74.6) 0.0026

a ND, not determined; IND, indeterminate.
b �2 test.
c Percentages are the percent positive among those tested.
d The responses are given as the median number of SFCs per 106 PBMCs (percent). The cutoff point for positivity was taken as the mean response of the unstimulated

wells for the whole cohort plus 1.64 standard deviations.
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IFN-� responses in humans, although strain-specific variability
has been observed in animal models (44).

In Madagascar, TB is still a serious public health problem,
and in common with the practice in many countries where TB
is endemic, the NTCP focuses on the diagnosis and treatment
of smear-positive patients to stop the transmission of bacilli.
However, currently, there is no actual policy regarding the
detection of M. tuberculosis infection among the family and the
contacts of contagious cases. It should be noted that BCG
vaccination is common, and whether it is due to this or to
exposure to atypical mycobacteria, the tuberculin test is posi-
tive for a high proportion of the healthy population (13).

ESAT-6 is encoded by the RD1 genomic region, which is
present in M. tuberculosis and pathogenic M. bovis but which is
lacking in all BCG vaccine strains. However, it is an important
virulence factor and is highly conserved in clinical TB strains,
and therefore, this antigen is expected to be recognized by M.
tuberculosis-infected subjects but not by healthy vaccinated
subjects (6), and the magnitude of the response to ESAT-6 has
been used as a proxy marker for both the bacterial load and
exposure to M. tuberculosis (3, 32). We thus used PPD,
ESAT-6, and the ESAT-6-related antigen CFP7 (also called
TB10.4; this antigen is an ESAT-6 family member, but unlike
ESAT-6, it is also present in BCG) to stimulate PBMCs from

FIG. 2. In vitro IFN-� responses of PBMCs from ICs to restimulation with M. tuberculosis ESAT-6, PPD, and CFP7 antigens at the inclusion
period (A) and after treatment (B), according to the spoligotypes of the infecting M. tuberculosis strains. The levels of IFN-� which were
significantly different between groups (Mann-Whitney test) are indicated. The horizontal bars indicate the median number of spots per 106 PBMCs.
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the recruited cohorts to determine whether the genotype of the
infecting strain might have an influence on the IFN-� response
induced by these antigens.

While there is some evidence of strain-specific virulence, for
example, from animal models, an association between molec-
ular epidemiology and experimental model systems showed the
improved growth of clustered strains in THP-1 cells compared
with that of unique strains and the more efficient infection of
human monocyte-derived macrophages with extrarespiratory
strains than pulmonary strains (26, 58). Furthermore, a cell

FIG. 3. In vitro IFN-� responses of PBMCs from household contacts to restimulation with the ESAT-6, PPD, and CFP7 antigens at the
inclusion period (A) and 3 months after the inclusion period (B), according to the spoligotypes of the infecting M. tuberculosis strains isolated from
their respective IC patients. The levels of IFN-� which were significantly different between groups (Mann-Whitney test) are indicated. The
horizontal bars indicate the median number of spots per 106 PBMCs. }, HHCs; �, TBHCs.

TABLE 3. Correlation between ESAT-6-, PPD-, and CFP7-induced
IFN-� responses and TST results in household contacts

Antigen

Median no. of spots/106 cells for
individuals with the following TST result:

P valueb

�5 mm
(na � 34)

5–14 mm
(n � 40)

�14 mm
(n � 75)

ESAT-6 17.5 37.5 115 0.000006
PPD 92.5 130 175 0.0034
CFP7 22.5 45 135 0.00012

a n, number of subjects.
b Kruskal-Wallis test.
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culture study in Uganda separated isolates on the basis of their
frequency of transmission to household contacts, and those
which transmitted efficiently showed more rapid growth in
THP-1 cells than nontransmitted isolates (57). However, so far
there are few data on the effects of M. tuberculosis isolates with
different genotypes on clinical presentation or outcome in hu-
man TB. In a previous study, we did not find any obvious
association between the IS6110-based restriction fragment
length polymorphism (IS6110-RFLP) patterns and the clinical
presentation of tuberculosis (47). However, there was some
association of specific IS6110-RFLP patterns with disease pre-
sentation, suggesting that some strains may have the ability to
disseminate more easily than others. Similarly, studies per-
formed in Vietnam reported that the Euro-American lineage
(corresponding to the modern group 2 strains [5]) associated
with radiographically detected lung consolidation in pulmo-
nary TB patients was more likely to result in pulmonary TB
than meningeal TB (59) and less likely to cause extrapulmo-
nary disease (12). In The Gambia, contacts exposed to Beijing
strains were most likely to develop TB disease (14). Another
study conducted in China associated the Beijing strains with
less fever and night sweats as well as less cavitary disease in
patients (54), consistent with the hypothesis that these strains
induce the production of fewer proinflammatory mediators.
Ulrichs et al. (61) reported that the number of IFN-�-produc-
ing cells was higher in TB patients after treatment than in
untreated TB patients. Controversially, however, others found
lower numbers of IFN-�-producing cells after treatment and
that patients with cavitary disease had higher counts of ESAT-
6-secreting cells than those without cavitary disease, suggesting
that there may be a relationship between IFN-� release and
bacterial load (49). Since Beijing strains were found to be
associated with less cavitary disease in Chinese patients (54),
we expected that the IFN-� response to ESAT-6 induced by
Beijing strains will be lower than that induced by non-Beijing
strains. Our results are concordant with this hypothesis. How-
ever, we did not find any significant difference in the ESAT-
6-induced IFN-� response in index cases according to the bac-
terial load. Furthermore, even though modern group 1 strains
tend to give a lower bacterial load than the other strains, there
was no statistically significant influence of the infecting strains’
spoligotype on the bacterial load in the sputum of TB patients.
It is probable that other factors, such as individual variability

(49), may influence disease importance. However, in the
present study, we found a weaker ESAT-6-induced-IFN-� re-
sponses in patients infected with modern group 1 strains (CAS
and Beijing) than in patients infected with strains of other
genotypes, consistent with the hypothesis that these strains
induce lower inflammatory responses.

These results are compatible with the finding that Beijing
strains induced the poorer expression of IFN-� in the mouse
M. tuberculosis infection model (39). The authors suggested
that, consequently, the Th1 cells were inefficiently activated,
leading to the progression of TB disease. Our results are also
compatible with those of an assay with a THP-1 monocytic cell
line model, where the Beijing and CAS strains induced low
levels of tumor necrosis factor alpha secretion and IFN-� pro-
duction in the whole-blood assays among healthy BCG-vacci-
nated volunteers (56). IFN-� is one of the major components
of the Th1 immune response against M. tuberculosis. However,
the Th1 response also leads to the inflammation and pathology
associated with TB (granulomatous inflammation and necro-
sis). Therefore, a low IFN-� rate could explain the low his-
topathological score, the disseminated infection, and the
higher virulence observed with Beijing strains in some studies
(22, 28, 35, 39, 62). Some experimental models suggest that
Beijing strains induced the downregulation of proinflammatory
cytokines (44, 48, 50) associated with the production of the
phenolic glycolipid (PGL) (33), a cell wall component impor-
tant in the pathogenic process and in strain dissemination and
survival (60).

Since, in contrast to TST, the ESAT-6 ELISPOT assay re-
sults had a strong positive relation with increasing exposure
and were not correlated with BCG vaccination status, this test
could allow the more accurate identification of symptom-free
infected individuals recently exposed to M. tuberculosis (37). In
countries with a low TB incidence, the ESAT-6-induced IFN-�
response was found to be sensitive and specific in diagnosing
latent TB infection (18, 31), and exposed contacts with high
levels of IFN-� production have a greater possibility of devel-
oping active TB than those with lower IFN-� levels (30). How-
ever, in high-TB-incidence countries, different data were ob-
tained. For example, a study in Ethiopia reported that the high
IFN-� response to ESAT-6 by healthy household contacts of
TB patients correlates with the subsequent development of
active TB during a 2-year follow-up period (21). However,
other data suggested that the level of IFN-� response to
ESAT-6 alone is not indicative of disease progression and that
the response to another specific antigen, Rv2031, may be im-
portant (16). Prospective studies are still required to determine
if the IFN-� response is predictive of a high risk of active TB
progression in high-burden settings (17). In the present study,
the positive reactivity of household contacts to ESAT-6 antigen
at the inclusion period did not correlate with disease progres-
sion during follow-up, since there was no significant difference
in the ELISPOT assay response between HHCs and household
contacts who developed TB disease (TBHCs) (Table 2). Even
if most of the index cases of contacts who developed TB dis-
ease during follow-up were infected by modern group 2 strains,
no significant association was found, since the TBHC sample
size was too small. It was then interesting to determine whether
the ESAT-6-induced IFN-� response, i.e., latent infection

FIG. 4. TST results for household contacts, according to the geno-
type of the M. tuberculosis isolates from the index case patients.
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among contacts, was associated with the genotype of the strains
isolated from index cases.

The EAI family spoligotype was previously found to be rel-
atively frequent (23.5%) in Madagascar (10, 23), suggesting
that this spoligotype is widely transmitted in the Malagasy
population. We did not see an IFN-� response in EAI-infected
index cases significantly different from that in index cases in-
fected with any of the other strains of M. tuberculosis. How-
ever, in response to stimulation with ESAT-6, the ELISPOT
assay count was significantly higher in the household contacts
of EAI-infected patients than in the household contacts of
CAS/Beijing-infected patients. These results therefore seemed
to confirm the observation of others regarding the fact that
modern group 1 strains seem to induce a weaker immune
response than either the ancient EAI lineage or the strains of
the modern group 2 lineage.

These results can be interpreted in several different ways. It
is possible that the lower ESAT-6-specific IFN-� responses
observed among the HCs of modern group 1-infected patients
may reflect a lower capacity of these strains to be transmitted,
perhaps because the longer history of EAI strains in the region
may have allowed them to better infect Malagasy individuals.
However, this interpretation is hard to reconcile with the rapid
spread of modern group 1 lineages in the region. Another
explanation could be that the transmission rate is similar for all
strains but that the IFN-� response resulting from the infection
is higher in the contacts of EAI-infected patients than in those
of modern group 1 strain-infected patients. If (as we believe)
this is true, it may affect the relative virulence of EAI and
modern-lineage strains, explaining their relative prevalence in
Madagascar (10).

Regarding the results obtained with PPD and CFP7, the
responses to PPD were higher than the responses to CFP7,
since PPD contains several antigens, including CFP7. How-
ever, similar responses to both antigens were observed in TB
patients and in contacts independently of the infecting strains.
The identical results obtained with the PPD and CFP7 antigens
could be explained by the use of the BCG vaccine in the
country, since both antigens are also present in BCG vaccine
strains.

This is the first study analyzing the ESAT-6- and PPD-
induced IFN-� responses and genotypes of infecting M. tuber-
culosis strains in humans. While the study provides some key
findings, it should be noted that there are certain limits to the
results obtained. First, in order to standardize the tests, only
fresh PBMCs were used in the IFN-� ELISPOT assay (20),
limiting the number of available ELISPOT assay results. Sec-
ond, the sample size of some clusters of strains was small, so
these results, while they are statistically robust, must still be
considered preliminary. Finally, this study relied on analysis of
the IFN-� response observed with circulating cells (PBMCs).
Therefore, we must be prudent when interpreting those re-
sults, since they do not necessarily reflect what happens at the
site of the infection.

For this analysis, we have focused on ESAT-6-induced
IFN-�, since this has been suggested to be a proxy for the
bacterial load (42) and, possibly, for the risk of subsequent
progression to disease (3, 21). It would, of course, be interest-
ing to determine if these effects could be explained by the
induction of other cytokines, for example, interleukin-4, which

has been associated with a poor prognosis in TB patients (15,
25, 45) and which is thought to be preferentially induced by
PGL from at least some strains of the Beijing lineage (40).
Since the current data were gathered as part of a longitudinal
cohort study, we are addressing these questions.

Some studies have described the global genetic population
structure of M. tuberculosis and the geographical distribution
of M. tuberculosis genotypes (10, 26), and the findings of those
studies support the hypothesis of a human host-specific adap-
tation of the pathogen. It is known that strain genetic variation
is important for vaccine development. For instance, geographic
variation in the protective efficacy of BCG has been observed
(2); that can be due to environmental factors, but it can also be
due to differences in the vaccine strain. These observations
may have implications for TB control and the development of
new vaccines. Thus, our observations on the variations in the
IFN-� responses of the human host according to the genotype
of the mycobacteria could be useful in performing more accu-
rate IFN-� response-based TB diagnostic tests or using other
tools to monitor for a protective host immune response in
clinical trials for new vaccines or therapies.

Ultimately, our findings suggest that genotyping of M. tuber-
culosis strains and immune responses to these strains may help
identify markers of virulence that could be involved in the
development of TB disease or, conversely, in the correlates of
protection of the human host.
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